Knowledge about the fifth basic taste, the umami taste, has been investigated by many scientists in the last years and continues to gain importance. Therefore, a lot of scientific studies were conducted to explore several effects influencing the mechanism of umami, which is elicited and enhanced by defined concentrations of MSG (monosodium glutamate) and umami compounds. This paper covers the most relevant scientific literature regarding umami, its use as a flavor enhancer, and the latest umami compounds, which have been released in the last ten years. The main goal of this overview was to summarize the most important results which were related to umami as one of the five basic tastes, the umami taste receptor, the essential role of umami in a great number of physiological mechanisms, and the MSG symptom complex. Furthermore, the function of umami in the interaction of taste, aftertaste and olfactory pathways has been discussed.
Introduction
Health and, more specifically remaining healthy, have become major topics in nutrition. Currently the availability of a wide variety of food is not an issue anymore for the western world and foodinduced diseases like obesity, diabetes, and high blood pressure occur with growing frequency [1] . The food industry is intensively looking for food solutions that will allow consumers to stay healthy or become healthier without compromising the quality of the food and, often more importantly, the taste [2] . Academic research groups as well as the food and flavor industry drove the growing interest in taste, taste receptors, and taste perception and are searching for molecules and additives to make food healthier and tastier. Those molecules should meet several demands, such as influencing taste properties in a desired direction, and at the same time eliminating the negative effects on health, like reducing the risk for coronary disease. The sweetness of conventional carbohydrate sugars should be increased or the taste perception of salt should be reduced while keeping food at a low calorie input [2] . salty, and bitter), he envisioned that there might exist another special taste quality, being quite distinct from the known ones. In 1907 he initiated a project on the identification of this taste component in dried seaweed. His focus on seaweed, also known as kelp, was based on the popularity of this nutrient in Japan. Within a year he discovered the sodium salt of glutamic acid to be the taste component and named it umami. The Japanese translation of umami means "delicious", "yummy" or "savory". Combustion analysis of the obtained organic crystals revealed a molecular formula of C 5 H 9 NO 4 . It is very remarkable that Ikeda finished his work in 1908, only one year after he had started the quest for deliciousness cited according to [8] . Interestingly, the structure of glutamic acid had already been described chemically by Ritthausen in 1866 and by the famous chemist Fisher. Both reported independently that glutamic acid at first tasted sour and later developed an insipid taste. These observations can be easily explained, now knowing that they tasted glutamic acid, whereas Ikeda 40 years later tasted its sodium salt, known currently as the umami taste enhancer. Today we know that at neutral pH glutamate is present exclusively as its Na, K, or Ca salt [8] . During the following century, a lot of research was conducted on this topic. Umami and monosodium glutamate (MSG) became very popular, as well as the synergizing ribonucleotides: inosine (IMP) and guanosine monophosphates (GMP) [5'-inosinate and 5'-guanylate, salt of IMP and GMP]. Today there is a huge interest in the sensory properties of these substances, their usefulness in the flavoring of food, and their mechanism of action [9] . The focus of umami taste research has moved very fast with the technical progress in science over the last few years. Today MSG, disodium 5´-inosinate, and 5´-guanylate are the most commonly used umami substances and they are commercially available worldwide [9] .
Flavorings play an important nutritional role, particularly in food. One of the most important ones is glutamate. It is a common food ingredient and also benefits other food and amino acids. MSG is one of the most common amino acids found in nature and is often used as a flavor enhancer. It produces a very unique taste, which cannot be provided by the other basic tastes. It was identified as the fifth basic taste (umami). Glutamate is the salt of one of the most intensely studied food ingredients in the food supply and has been found to be safe, so there is a focus on glutamate and its contribution to health. It is also important for several functions in the human body, works as an energy source for certain tissues, and is needed as a substrate for glutathione synthesis. Glutamate is present in many proteins and peptides and is produced in the body. It binds with other amino acids to form a structural protein [10] .
The concentrations of these umami substances (MSG, IMP, GMP) were measured in a variety of foods. Free glutamate is found in both animal and plant foods. Notable examples include green tea, seaweed, tomatoes, potatoes, Chinese cabbage, soybeans, Parmesan cheese, sardines, prawns, and clams. Free glutamate is also found in high concentrations in ripe tomatoes and provides the characteristic umami taste of this vegetable. Much higher concentrations of free glutamate are found in Parmesan cheese, a product with a strong umami taste. Breast milk contains free glutamic acid at a concentration that is also found in konbu dashi, a Japanese soup. So, it can be concluded that humans become familiar with the taste of glutamate and umami very early in life [8] . The taste of umami is very familiar to the Japanese, who have long used pure umami solutions such as konbu dashi in their cooking. In contrast, the perception of a specific umami taste has not emerged in Western cultures because pure umami-tasting ingredients have not existed and have not been used in Western cooking until recently.
Inosinate is found only in animal food products, including dried sardines, bonito flakes, horse, mackerel, tuna, pork, beef, and chicken, typically in the 100-300 mg/100 g range. Fresh fish has a small amount of free inosinate and no umami taste; but after a few hours of holding, the content of inosinate rises and we find the unique umami taste. Guanylate occurs only in food of plant origin, notably mushrooms, typically in concentrations ranging between 10 and 150 mg/100 g. Very important is the synergism between glutamate and nucleotides because konbu dashi alone does not elicit a strong umami taste. A very strong umami taste can be achieved by adding substances that contain inosinate, like bonito flakes or dried sardines. The mixing of glutamate and a nucleotide (inosinate) greatly enhances the taste of umami [8] . A similar effect is achieved in China, Europe, and the United States by cooking beef or chicken (which contain inosinate) with vegetables containing free glutamate and/or by adding cheese. This special synergism was identified by Kuninaka and systematically examined by Yamaguchi, as Kurihara reported years ago [8] . The extent of the synergism is different among animal species. In mouse receptor studies in vitro, the synergism occurs between nucleotides and many amino acids, whereas in studies of human receptors, synergism occurs only between glutamate and the nucleotides.
Konsu et al. [11] studied the essential taste components of a variety of foods. The authors found, for example, that the taste of crabmeat could be duplicated by a solution containing certain amino acids (glycine, alanine, arginine), umami substances (glutamate and inosinate), and salts (NaCl and K 2 HPO 4 ). If the umami substances were deleted from the solution the taste of crab was lost [8] . So, MSG is used to enhance the natural flavor of meats, seafood, snacks and soups [12] .
Categorized as flavor enhancers are food additives which provide umami taste, like MSG, monoammonium glutamate, monopotassium glutamate, and the ribonucleotide compounds IMP and GMP, namely disodium 5´-monoinosinate and disodium 5`monoguanylate [10] . It is the L-configuration of the free form of glutamate that presents flavor-enhancing properties, enabling it to be used as a flavor enhancer in the food industry [13] . An optimum glutamate concentration is known for each food, which was scientifically investigated in many contexts like the flavor enhancing properties [14] . In some foods the addition of glutamate does not improve the natural flavor, for example in sweet foods and some particularly bitter foods [10] .
As for saltiness and sweetness, there is a big variety in the optimal concentration of umami taste among individual consumers [15] . Many studies were conducted among Europeans to analyze the optimal concentration of umami taste; the optimal concentration range (0.6 -1.2%) is a little higher than that reported by Asian consumers [16] . The reason for these results is due to the possibility that a relative deficit in awareness of the distinctive umami taste by Western consumers exists or to the fact that there is a difference in oral sensation related to genetics and gene-environment interactions. Scientific studies of the taste show that individual sensory differences are large and that people have to be trained to recognize properties of umami taste in order to identify the specific taste. Apart from that, the use of excess amounts of glutamate does not make the food taste better; it worsens the taste. Furthermore, glutamate works very well with sour and salty food. The optimum amount of added glutamate is between 0.1-0.8% by weight to enhance the taste of food. If glutamate is added at this amount one can reduce the amount of added sodium chloride. Without influencing palatability of food, glutamate brings out the best natural flavor. It works very well in reduced-fat and reduced-Recent results on Umami and Umami Compounds Natural Product Communications Vol. 11 (10) 2016 1603 sodium dishes, allowing the total sodium to be reduced by 30 -40% [10] .
There is a general trend to an increased consumption of flavored convenience products in Western societies. Glutamate is used in these products as a flavor enhancer, so this might be a reason for an increased glutamate intake. However, the food industry increases the number of glutamate-free products steadily due to an enhanced reservation against food additives by consumers. Based on a survey about measured added glutamate content of food items, the daily dose of glutamate in the UK was about 12 mg/kg/day for the whole population. This can be compared to the U.S., which estimates 0.55 g/day for the average consumer. The use of glutamate and other glutamate salts is greater in Asia, especially in Korea and Japan, than in Europe. In these countries the intake of added glutamate is estimated to be between 1.2 -1.7 g/day [10] . As oral stimulators of appetite and metabolism in the human body, two amino acids, glutamate and disodium 5'monoinosinate (IMP), have received attention. A study by Lenjeune and Smeets reported that the addition of IMP and glutamate to a high protein diet has a significant effect on the desire to eat and no effect on energy metabolism [17] . Another study by Yeomans et al. [15] on new savory flavors with glutamate has shown that it is possible to condition flavor liking. Participants consumed much more soup with glutamate added than soup without glutamate because of the increased pleasantness of the soup; a greater increase in hunger upon tasting the soup with added glutamate was shown as well. It can be concluded that adding glutamate to different foods increases the umami taste quality and the food's acceptability [15] .
There is no difference in metabolism in the human body if glutamate is added or if it occurs naturally in food. When glutamate is ingested, the human body does not distinguish its origin, so it does not matter if it is from food like tomatoes or glutamate added to a tomato sauce. It was shown that glutamate is very important for normal function of the digestive tract and digestion [10] . After glutamate is liberated from food protein it will be quantitatively absorbed from the lumen. The retention time in the stomach and the surrounding matrix in the gut can influence absorption kinetics. It should be mentioned that glutamate is a specific precursor for the amino acids proline and arginine as well as for the tripeptide glutathione and it is the most oxidative substrate for the intestinal mucosa. Furthermore, glutathione is important for the protection of the mucosa from dietary toxins and from peroxide damage [18] . Glutamate is also taken up by cells and used for metabolic purposes like energy metabolism, ammonia fixation, and protein synthesis; it can also be re-used as a transmitter [10] .
There are a lot of different effects of L-glutamate in the gastrointestinal tract. Zolotarev et al. [19] showed that an intragastric application of glutamate with nutrients enhanced gastric exocrine secretion and was also important for gastric phase digestion. To protect the intestinal wall against gastric acid attack, the application of glutamate has to be luminal and induce mucus secretion in the duodenum [20] . Zai et al. [21] showed that glutamate supplementation to a high liquid protein diet quickened gastric emptying to heal post-ingestive gastrointestinal unpleasantness, for example heavy stomach. Further studies have reported that glutamate can be useful in promoting better nutrition in patients with poor nutrition and also in the elderly [22, 23] . However, more future research is needed to learn about the possible nutritional and digestive benefits of supplemental dietary glutamate for the elderly.
Glutamate is also the salt of a dietary essential amino acid. Recent studies have shown that the level of glutamate in the diet can affect the oxidation of some essential amino acids, for example leucine. Glutamate is a key excitatory amino acid. Metabolism and neural sensing of dietary glutamate in the developing gastric mucosa, which is poorly developed in premature infants, might play an important functional role in gastric emptying [24] . Glutamate is transported by a vesicular glutamate transporter into synaptic vesicles and then released by exocytosis. Glutamate is taken up from the extra-cellular fluid and might be converted to glutamine in astrocytes. Glutamine is released to the extra-cellular fluid again and taken up by neurons where glutamine is reconverted to glutamate inside neurons. This exchange between glutamine and glutamate between neurons and astrocytes has been tested as a major pathway to recycle the transmitter glutamate. Glutamate can relieve preparation for digestion or absorption of nutrients on the tongue via stimulation from taste receptors to the brain [25] . Further studies have shown that glutamate is a specific oxidative substrate for the gut and consequently dietary glutamate is extensively metabolized in the first pass by the intestine. The main role of this oxidative substrate is the therapeutic potential for improving the function of the infant gut. Also, glutamate is a very important precursor for bioactive molecules, including glutathione [24] . L-glutamate in nutritional aspects is a multifunctional amino acid, which is involved in intermediary metabolism, taste perception, and excitatory neurotransmission [26] . Several studies reported that glutamate is used for dietetic purposes because of its ability to stimulate food choices in certain populations. In 2008 Bellisle [16] reported that the optimal amount of added glutamate to reduced fat foods brings back some of the palatability and also maintains the decrease of ingested energy and fat. These data explain that the optimal fat content can be reduced by 30% and show a significant decrease in energy and fat intake. Nevertheless, the intake of lowfat products is generally less palatable than the intake of full-fat products. Maybe there is an interaction of several factors, such as optimal fat content, optimal glutamate content, as well as type of food or gender, which influences the main intake behavior and therefore a dietary benefit [16] . Another study showed that elderly persons (mean age 79.7 years) compared with a younger control group (mean age 23.7 years) prefer higher concentrations of glutamate in soup. This outcome could be because of an agedependent decrease in sensory acuity, an increase in sensory thresholds in less adequately nourished persons, or an increase in the biological mechanism for protein substrates [27] .
The U.S. Food and Drug Administration (FDA), established in 1958, reported that glutamate is a Generally Recognized As Safe (GRAS) ingredient, like a lot of other food ingredients, including vinegar, baking powder, and salt. Over four decades the FDA conducted many studies based on medical, toxicological, and biochemical information. Glutamate is considered safe for the general population, for pregnant and lactating women, and for children. At this time an Acceptable Daily Intake (ADI) of 0 -120 mg/kg body weight is assessed to be appropriate. Because there was no specific data about the intake of glutamate and infants, it was stated that the ADI was not effective for infants of 12 weeks of age because they are more sensitive to neurological effects and high blood levels of glutamate than adults. Another review showed that the acute toxicity of glutamate is very low under normal circumstances. In rats and mice an oral applied dose of 15.000 -18.000 mg/kg is lethal to 50% of subjects (LD 50 ) [10] . However, glutamate and its sodium (E621), potassium (E622), calcium (E623), ammonium (E624), and magnesium (E625) salts are not 1604 Natural Product Communications Vol. 11 (10) 2016 Greisinger et al. allowed to be added to milk, emulsified fat and oil, pasta, chocolate and cocoa products, and fruit juice by the European Union [10] .
In canned foods, sauces, dry mixes, and other manufactured products, glutamate is not only used as a flavor enhancer, but also as a by-product of hydrolyzed vegetable protein (HVP). HVP is mostly used as a seasoning and flavoring substance. Glutamate is also used in processed food as a food additive and can be shaken onto food during preparation; this is very common in Asian cuisine [28] . Based on studies about the flavor of MSG by Yamaguchi and Kimizuki, there is no effect on food when pure glutamate is administered. It can be added as a hidden ingredient of yeast extracts or hydrolyzed proteins, both of which contain high percentages of glutamate [10] . It should be mentioned that in the Western world consumers have recently learned to like the umami taste, whereas in Asia consumers learn to appreciate this fifth taste from early childhood [16] .
Currently there is a huge and still growing demand for glutamatefree food from many consumers. Manufacturers react to this recent trend by using "clean labels". The manufacturer provides labels saying "No MSG", "No MSG Added" or "No Added MSG" in big letters, hoping that the consumer will interpret them as "glutamate free". Often notes, such as "hydrolyzed soy protein", mask the fact that additional glutamate was added for flavor enhancement. The FDA claimed that when glutamate is added to products it has to be included in the ingredient list by its usual or common name, "monosodium glutamate". Research on the different types of label information has shown that all these messages can influence the acceptability of products when glutamate is added and can generate the belief that glutamate is harmful or an unsafe ingredient [10] . In the last few years it has been shown that umami has become increasingly familiar in the Western world.
3.
THE UMAMI TASTE RECEPTOR Recent data suggest that multiple G protein-coupled receptors contribute to the specific umami taste. Several receptors that cooperate with glutamate and nucleotides, like IMP and GMP, have already been identified in taste cells. These are: the hetero-dimer T1R1/T1R3, the taste-specific isoforms of metabotropic glutamate receptors mGluR4, mGluR1, mGluR2 and mGluR3, and several ionotropic glutamate receptors, including NMDA (N-Methyl-Daspartic acid or N-Methyl-D-aspartate) and kainate receptors [29] [30] [31] . The kainate receptor is defined as a non-NMDA ionotropic receptor that elicits a response to the neurotransmitter glutamate. This type of receptor was first identified by the selective activation by the agonist kainate, a substance which was first identified from the red alga Digenea simplex [32] .
There is a big problem in identifying the main role of receptors in taste transduction because glutamate also serves as a neurotransmitter. Taste receptors have to be expressed on the apical membrane of taste cells and these receptors will encounter glutamate in the oral cavity. It should be noted that NMDA and kainate receptors have been identified on the basolateral membranes of taste cells and both substances respond to glutamate as a neurotransmitter as well. The definitive role of a special receptor in umami taste transduction requires that the specific taste of umami be modified when the receptor is genetically missed. The only receptor for which genetic data exist is the T1R1/T1R3 heterodimer. A study reported that the knockout of either T1R1 or T1R3 completely eliminated the responses to oral glutamate [29] , suggesting that this heterodimer is the only umami receptor. Another study showed that the knockout of T1R3 only eliminated the nucleotide potentiation of glutamate taste responses and there was only a small effect on responses to glutamate alone. Consequently, these results showed that there is the possibility of the existence of multiple receptors for umami taste and that the metabotropic glutamate receptors are probably candidates. Therefore, further studies will be necessary to confirm a role in taste transduction [29] .
The signaling pathway of the umami receptor starts at the T1R1/T1R3 heterodimer, which is a heteromeric G-protein. The Gβγ subunit appears to be the main part of the signaling downstream. When a specific ligand is bound, the Gβ3γ13 is activated. Gβ3γ13 activates phospholipase C β2 (PLCβ2), which produces inositol triphosphate (IP3) and diacylglycerol. IP3 activates the type III IP3 receptor (IP3R3), which is important for the release of Ca 2+ from intracellular stores and also results in the Ca 2+ -activation of a monovalent-selective cation channel, namely TRPM5. TRPM5 results in the taste cell depolarization and releases ATP (adenosine-5'-triphosphate) onto gustatory afferent fibers [29, 33] . The knowledge of the involvement of this pathway in umami taste transduction comes from several studies. Firstly, all of these signaling effectors are located with T1R1/T1R3 heterodimer in the type II taste cells. Secondly, the umami taste response is reduced by the knockout of PLCβ2, IP3R3, and TRPM5; this mechanism is similar to the knockout of T1R3. Thirdly, several pharmacological inhibitors of PLCβ2 and Ca 2+ , which are specific substances to maintain the intracellular Ca 2+ stores, eliminate responses of glutamate and nucleotides added to the taste pore in Ca 2+ imaging studies. The Gα subunit that results in umami transduction varies in the different fields of taste. In palatal and fungiform taste buds, T1R1/T1R3 is completely found with αgustducin, whereas T1R1/T1R3 in foliate taste buds and in circumvallate taste buds is expressed with a different Gα subunit, which is not yet completely identified [29, 34] . Furthermore, the Gαgustducin subunit is related to the Gα-transducin subunit, which is expressed in taste buds as well. Subunits, α-transducin and αgustducin, are related to the activation of phosphodiesterases (PDEs), which decrease the intracellular cAMP (adenosine-monophosphate) concentrations. A knockout of the α-transducin or αgustducin subunit changes umami taste impression. This result shows that both Gα-transducin and Gα-gustducin cooperate in umami taste transduction. A role of cAMP in umami taste is reported by several physiological studies cited in ref. [29] . CAMP should antagonize the response to umami taste stimuli because the activation of PDEs influences and suppresses the cAMP concentration, but the exact role of cAMP in umami signaling is still unclear. These physiological studies have failed to show conductance changes in response to membrane permanent cAMPanalogues in taste cells. Maybe cAMP modulates the efficacy of Ca 2+ -signaling in cells. In other tissues IP3R3 and PLC β2 are modulated by cAMP-dependent phosphorylation. This phosphorylation results in a decrease of Ca 2+ from intracellular stores. Therefore, the authors concluded that additional studies will be required to establish whether a decrease in cAMP assisted by either α-transducin or α-gustducin shows results in Ca 2+ -signaling in taste buds [29] .
As mentioned before, the umami taste has a troubled history, but to date it is accepted as one of the five basic tastes. Nevertheless, some authors support the theory that umami is more a taste enhancer than a taste per se because the sensation which is caused is defined as convergence of taste and olfactory pathways in the brain [35] . Furthermore, MSG alone is not pleasant, but it is able to boost and improve the overall taste of food and can also collaborate with other specific taste modalities like salty or sweet. Because the umami taste is a very complex one several different receptors have been suggested for detection, but it is unclear how the activation of these receptors can be converted into a neural code [9, 36, 37] . Moreover, it would be really difficult to go to ligand-based information by molecular modeling because it is important to find peptide conformations, like some oligopeptides, for this task before any other analysis can continue. It can be concluded that there is great potential in molecular modeling to unravel the specific molecular mechanism of the umami taste because it is possible to reduce the NaCl-content in foods when MSG or other umami compounds are added and because umami compounds are also an important content in the overall taste of foods [38] . In 2008 Li et al. [39] released a paper titled "Molecular mechanism for the umami taste synergism" in which a model related to the VFT-domain of T1R1 was described. The VFT-domain, also called the Venus flytrap domain, is an N-terminal domain which is composed of two globular subdomains and is found only in the umami receptor [39] . In a further study by Roura et al. [40] the basic question was whether the pig is a good umami sensing model for humans. For this reason the authors compared the umami sensing biology of T1R1 sequences and VFT-binding domains by using molecular modeling. Also Lamino acid agonists of several different mammals were included. For these trials species like humans, pigs, and laboratory rodents were used. The results showed that the highest response of umami taste was caused by L-glutamate and derivatives such as MSG. This outcome occurred for humans and pigs, but not for laboratory rodents like mice and rats. Furthermore, up to 18 different L-amino acids have been tested with the results showing that the umami taste receptor of mice and rats is activated by the widest range of Lamino acids (up to 18) compared with pigs, which respond to eight different L-amino acids or to humans, which were only responsive to two L-amino acids. Due to these findings the authors concluded that in the umami sensing model for pigs there is a higher similarity to humans than to laboratory rodents [40] . There is great potential in the mechanism and function of the umami taste receptor to identify the umami taste transduction pathway and, more precisely, to get more information about the complex structure of this specific receptor.
THE MSG SYMPTOM COMPLEX
The term "Chinese restaurant syndrome" was first reported by Robert Ho Man Kwok, published as a letter to the editor of the New England Journal of Medicine on 4 April 1968 [41a] . He was a senior research investigator at the National Biomedical Research Foundation. In this letter, he described a symptom complex that generally began 15 or 20 minutes after eating the first meal at a Chinese restaurant and held up for about two hours. He described several different symptoms, supposing that these symptoms were due to alcohol from Chinese cooking wine, MSG, or sodium. That is the reason why Kwok proposed the name "Chinese restaurant syndrome". Further correspondence followed, including six letters, each adding additional or similar symptoms [41b,42] . In 1995, the Federation of American Societies for Experimental Biology (FASEB) released a report of an extensive analysis of the safety of MSG and published a list of symptoms representing the Chinese restaurant syndrome. Therefore the more inclusive term "Monosodium glutamate symptom complex" was suggested [41b].
Symptoms of the MSG Symptom Complex are: Headache, nausea, weakness, burning sensation in the back of the neck, forearms, and chest, chest pain, palpitations, facial pressure/ tightness, numbness in the back of the neck, radiating to the arms, and back, bronchospasm (observed in asthmatics only), tingling, warmth, weakness in the face, temples, upper back, neck, and arms, and finally also drowsiness.
A great number of scientific studies were designed to reveal if there was a possible association between MSG and the symptom complex of Chinese restaurant syndrome; the studies have shown different outcomes [41b]. In 2000, Geha et al. [43] announced the outcomes of their multi-center, double-blind, placebo-controlled (DBPC) challenge study planned to review MSG-induced reactions. This study included 130 self-identified MSG-sensitive individuals/subjects. The requests for the study were three DBPCchallenges, which were assessed to the strict criteria of the FASEB in 1995. The authors mentioned that the study should show separate occasions and reproduction of the symptoms with MSG, but there should be no reproduction of the symptoms with the placebo. Therefore, a study design was utilized consisting of four consecutive 5 g placebo-controlled MSG-challenges. The MSG application was without accompanying food in three of the four challenges [43] . The intake of 5 g of MSG is much higher than normal dietary intake, which has been estimated to be approximately 1 g/day in the United States and in Europe. The fast metabolism of MSG takes place in hepatocytes and enterocytes [41b]. Only those individuals who had at least two of ten possible MSG-connected symptoms were qualified to continue testing after the first challenge. In all four challenges only two of the 130 selfidentified subjects (1.8%) had a response to 5 g of MSG. This study demonstrated that a response to MSG was not reproducible because there was a higher rate of response to high-dose MSG in selfidentified MSG-sensitive subjects than to placebo [43] .
4.1.
MSG AND MIGRAINE HEADACHES Both types of headaches, the headache of the MSG-symptom complex and the headache as a potential trigger for migraine, have been linked to the application of MSG as a food additive [41b]. "Migraine is a debilitating condition characterized by moderate to severe headaches and nausea." Worldwide, migraines affect more than 10% of the population; in Europe, migraines affect 12-28% of people at various points in their lives. A migraine is three times more likely to occur in women than in men [44, 45] . Sometimes it is very difficult for people experiencing a migraine to identify MSG in convenience food products, due to the labeling of MSG under various descriptions, including "hydrolyzed vegetable protein", "autolyzed yeast", "sodium caseinate", "yeast extract", "hydrolyzed oat flour", "texturized protein", or "calcium caseinate". The authors [46] mentioned that the application of MSG might trigger headaches, and several pathophysiological mechanisms are involved. Firstly, there can be an activation of a neurotransmission pathway following a release of nitric oxide in endothelial cells, generating vasodilation. Secondly, MSG can act as an agonist of stimulatory glutamate receptors. Thirdly, MSG at high doses may operate as a direct vasoconstrictor. If there is no clear relationship between a migraine sufferer's headache and the intake of MSG, they do not have to avoid this substance. It can be concluded that patients may be sensitive to MSG, but evidence does not generally support this [46] .
4.2.
MSG AND ASTHMA Asthma is a chronic respiratory disease based on several variable symptoms, such as reversible airway obstruction, airway inflammation, coughing spasms, wheezing, shortness of breath, chest tightness, and elevated airway hyper-responsiveness to the variety of different impulses. There is a clinical classification for asthma related to forced expiratory volume in one second (FEV1) and peak expiratory flow rate (PEFR) [47, 48] . Some reports support the possibility of MSG as a trigger for asthma attacks. During the 1980s a lot of studies showed a relationship between asthma and MSG intake. However, these studies were conducted without 1606 Natural Product Communications Vol. 11 (10) 2016 Greisinger et al.
having control groups. Other studies were designed under appropriately controlled circumstances in the 1990s, with the result that there was no relationship between MSG and asthma [47] . The authors of this study investigated the safety and effects of oral MSG in a well-established mouse model for asthma. Mice at the age of 7 to 8 weeks were injected intraperitoneally with 8 µg/mouse of ovalbumin (OVA) as an antigen. In the control group non-asthmatic mice were treated similarly with substances. The study lasted for 4 weeks and during this time a specific experimental diet containing 0%, 0.5% or 5% (w/w) MSG was administered to the mice. After the analysis, the authors presumed that the supplementation of 0.5% or 5% MSG did not influence the number of eosinophils, which are characteristic of pulmonary inflammation, in the blood and bronchoalveolar lavage fluid (BALF) in the asthmatic group of mice. If a solution of MSG (0.5% or 5%) was applied 30 minutes before an assessment through oral gavage, the number of eosinophils in the BALF did not change either. Therefore, the authors suggested that there are no acute effects on the pulmonary infiltration of eosinophils caused by MSG intake. Also, the concentration of IL-4 or IL-5, Th2-type cytokines (T helper cells), did not change in BALF compared with the control group of mice being fed a MSG-free diet. The serum concentration of Immunoglobulin E (IgE) was increased in the asthmatic group, whereas IgE was not found in the non-asthmatic mice. After 4 weeks of MSG-application there were no changes in serum IgEconcentrations in the asthmatic group compared with the control group. Also, no histological changes in the lungs were elicited, such as an infiltration of leukocytes or mucus hyper-secretion. The study showed that there were no inappropriate effects of continual intake of MSG on the development of asthma, but acute effects of MSG intake on asthmatic symptoms were not included. These outcomes furnish a basis for the safety of the common use of MSG for asthmatic patients [47] .
4.3.
MSG AND THE RHINITIS SYMPTOM COMPLEX MSG is identified as a trigger for acute rhinitis symptom complex, like perennial rhinorrhea, episodes of sneezing paroxysms, and nasal itching. Patients with chronic rhinosinusitis and nasal polyposis also showed the incidence of anosmia and obstructive nasal symptom. Therefore, two separate challenges were conducted with three patients having several rhinitis symptoms. The first DBPC-challenge demonstrated severe rhinitis symptoms upon ingestion of 100 mg capsules of MSG. The symptoms started 4 -24 h after MSG-ingestion and lasted 1 -2 days in all three patients. In the control group the application of the placebo and seven other food additives showed no result of rhinitis symptoms. A second DBPC-challenge supported these outcomes in two of the three patients. These two challenges confirmed the deduction that there is a connection between the intake of MSG and the development of rhinitis. Further studies will be required [41b,49].
4.4.
GLUTAMATE DEHYDROGENASE AND HI/HA SYNDROME Glutamate is not only a specific neurotransmitter or a sensory molecule, it also plays a main role in intracellular signaling functions operating as glutamate dehydrogenase. Glutamate dehydrogenase (GDH) is an important enzyme for the reversible dehydrogenation of glutamate to α-ketoglutarate and ammonia related to two cofactors, NAD+ or NADP+. GDH is located in the mitochondrial matrix in several tissues of the human body; it occurs in the brain, the liver, the kidneys, and the islets of Langerhans. Negative and positive allosteric effects control the activity of the intramitochondrial enzyme. The negative ones are GTP (Guanosine triphosphate) or palmitoyl-coenzyme A dependent, whereas the positive ones are ADP (adenosine diphosphate) or leucine dependent. These specific effects influence the activity of GDH when changes in energy state and amino acid availability take place [50] .
The discovery of a new hypoglycemic disorder in children, hyperinsulinism -hyperammonemia (HI/HA), showed how important an efficient regulation of GDH is. "Hyperinsulinismhyperammonemia (HI/HA) syndrome is the second most frequent cause of congenital hyperinsulinism (CHI) and is characterized by recurrent symptomatic hypoglycemia and persistent hyperammonemia" [51] . The syndrome originates by dominantly expressed and activating mutations of the GDH enzyme that result in its inhibition of GTP. Children who are afflicted with this syndrome often show the appearance of hypoglycemia after a short duration of fasting or after intake of a high protein meal during early childhood. The concentration of blood ammonia was three to five times higher in patients without showing typical neurological symptoms of hyperammonemia. The authors presumed [50] that glutamate metabolism, which is catalyzed by GDH, plays a major role in three tissues of the human body, indicated by the HI/HA syndrome. Firstly, insulin secretion is regulated through the stimulation of amino acids in β-cells. Secondly, the authors agreed that there is a function in the modulation of amino acid catabolism and the ammoniagenesis in hepatocytes. Thirdly, the maintenance of glutamate neurotransmitters in brain neurons exists. It has been reported that patients who are affected by HI-HA often show indications of another disorder, called epilepsy. The authors concluded that the specific consequences in the brain result in the expression of the abnormal GDH-concentration, but the exact mechanism for these consequences is not yet identified. Clinical evidence shows that the major form of appearance of the mutations of the enzyme GDH follows from hypoglycemia induced by fasting or hypoglycemia induced by a high-protein meal. Hypoglycemia often develops more rapidly and radically after an oral protein meal than after fasting for some time. An acute insulin response is also an incidence of GDH-activation, which can be stimulated through an intravenous bolus infusion of leucine. This study demonstrated that the GDH-reaction is only working in one direction, the direction of GDH-oxidation that was identified in patients with the HI/HAsyndrome, whereas in previous research the reaction of GDH in the reductive amination direction was suggested. The authors expected that the mutation of the enzyme, which has been investigated in pancreatic β-cells, would elicit consequences in the brain, but further studies are needed. Finally, the intramitochondrial regulatory system is a very important mechanism for the response to extra-cellular glutamate that results in the modulation of the umami taste system [50] .
MSG AND NUTRITIONAL CARE FOR ELDERLY PEOPLE
Insufficient energy and nutrient intake are often the main causes for the poor nutritional status of elderly people, usually resulting in health problems. Several studies demonstrated that it is useful to add L-glutamate to food, in the form of MSG, for elderly people. The reason for this suggestion is that dietary L-glutamate shows many effects on food and food ingestion; the increase of food intake and an improved nutritional balance are further benefits of the application of MSG. Affected individuals include patients with loss of appetite, undernourished elderly, and especially people living in an institutional setting like nursing homes [23] . All effects of MSG which are known to influence the taste, including the synergism between MSG and ribonucleotides, can be connected to taste Lglutamate receptors in the mouth and in the stomach [52] . Furthermore, the stimulation of the vagus nerve by L-glutamate also Recent results on Umami and Umami Compounds Natural Product Communications Vol. 11 (10) 2016 1607 modifies gut functions, such as motility or gastric secretion [21, 23] . The intake of dietary L-glutamate also shows other important effects on gut function, the most important being its ability to act as the main energy source for the gut during food digestion [53] . A general decrease in the sensitivity of these senses, including the sense of taste, is noticed in elderly people. A recent study demonstrated that the sensitivity and preference for L-glutamate (umami taste) in middle-aged (mean ± SD age: 49.6 ± 5.6 y; n = 40) and elderly (age: 84.3 ± 6.1 y; n = 39) Japanese women showed different outcomes. The threshold and preferred concentrations of L-glutamate showed a significantly higher value in elderly Japanese women than in middle-aged women and there were also similar findings in Western individuals. The nutritional status is the main cause for the preference for umami. Different results showed that poorly nourished people prefer foods with higher concentrations than do well-nourished people. Affected patients with neck or head cancer had gustatory dysfunction, like loss of umami taste, when they were treated with radiation therapy. This study demonstrated that among the five basic tastes, the strongest correlation with human appetite for and satisfaction with a meal is connected to umami sensitivity, implying that the taste of MSG plays an important role in relation to the intake of nutrients and quality of life (QOL). During the last 25 years, several studies have been conducted in many countries to determine the cause and effect of MSG supplementation of food for individuals who have lost their appetite. Different kinds of food, with or without added MSG (0.6%), were given to hospitalized elderly (n = 65; average age: 65 y) subjects for six months, while measuring the intake of nutrients and energy. Even though there was no change in the total energy intake, the authors assessed that the intake of food containing MSG, like soup, meat, or vegetables, was increased and the intake of MSG-free food, like dessert, was low. A similar outcome was reported in 62 middle-aged patients with diabetes mellitus. Moreover, the nutritional status in 43 hospitalized elderly individuals, who showed reduced body weight because of disease, improved when a combination of MSG and flavors were applied to their food because this resulted in an increased food intake. Concerning these outcomes, improving QOL is very important because the percentage of elderly people in the population is increasing worldwide and malnutrition is a key determinant of morbidity and mortality in elderly individuals [23, 54] .
Several different strategies should be established to optimize nutritional intake in elderly people and prevent them from developing poor nutritional status. Many factors contribute to the development of malnutrition in the elderly, including: Changed and reduced food intake because of appetite loss or difficulty in mastication and swallowing or both, declined senses of taste and smell and declined gastric secretions, pathological factors, like indigestion, constipation, diarrhea, and poor mental state, including depression and social isolation.
In one clinical trial, the increase of basal and maximal acid output was demonstrated through the supplementation of MSG in meals (2-3 g/d for 1 month). These results showed nearly normal amounts of basal and maximal acid output and improved appetite. In Japan, more than 35% of hospitalized elderly patients are affected by protein-calorie malnutrition. A small, long-term intervention study of hospitalized, elderly Japanese patients has recently shown this point of view. Additionally, improvements were assessed in general functions such as speech, facial expression, and eye opening [55] . It is important to contemplate the different effects of L-glutamate proven in the gastrointestinal tract, but future studies will be helpful to represent the different nutritional and digestive functions of MSG supplementation of foods for elderly individuals [23] .
In another study, the emphasis was on the contribution of umami substances in human salivation during a meal, especially in the elderly. The oral gustatory perception has very important and specific physiological roles in food selection during a meal, such as inducing appetite, salivation, smoothing mastication and swallowing, or contributing to digestion and nutrient availability. All these oral functions are essential in the pre-ingestive phase and respond as a cephalic phase. Since time immemorial, humans have used their sense of taste to ascertain if something is appropriate to eat, thus ensuring survival. A sweet taste indicates that the food contains carbohydrates; sourness indicates that a fruit or vegetable may not be ripe. A bitter taste suggests the presence of poisonous substances and saltiness influences one to choose foods that contain acceptable and sufficient minerals. The taste of umami demonstrates the presence of amino acids, for example proteins. Cephalic-phase responses, which are activated by sensory properties of food, correlate with the response of an incoming nutrient load and enhance food digestion, nutrient absorption, and utilization. Special attention has concentrated on the cephalic-phase of exocrine secretion, like gastric or pancreatic juices, and on endocrine secretion (insulin) because of their important roles in supporting food digestion and regulating post-absorptive hyperglycemia. It is also evidenced that umami causes an increase in gastric juices, such as pepsinogen and gastric acid, and causes the secretion of pancreatic juice in animals. The perception of umami-tastedysfunctions in the elderly correlates most with appetite loss. It is important to normalize oral and gut functions of umami taste stimulation if there are several retardations in humans. In this research, the authors examined the relationship between umami taste sensitivity and preference in elderly Japanese because the taste of umami is more familiar to people in Japan than to people in the Western world. The investigators used rice gruel as the taste medium because it is a conventional ingredient in the diets of the Japanese elderly. They are used to eating rice gruel in combination with traditional savory pickles. The results showed that the threshold for MSG was 0.5% higher in the group of the 39 women at the age of 84.3±6.1 years than in the group of middle-aged subjects (40 women, 49.6±5.6 year old) in which it was less than 0.063%. Consequently, the optimal concentration of MSG in older Japanese subjects was around 0.5% showing a bell-shaped concentration-preference curve [56] . Saliva has many important functions and is the first digestive juice in the alimentary canal; it is secreted after the intake of food and supports mastication, swallowing, and initiation of oral digestion, as mentioned before (see Figure 1 ). In the elderly, these functions are often compromised and their quality of life (QOL) is decreased. Clinically, other essential roles of salvia are: 1) The maintenance of the food bolus, 2) the maintenance of the sanitary condition of the oral cavity, including the protection of teeth and mucosa from infections, 3) the maintenance of the milieu of taste receptors and communication during speech and 4) the maintenance of esophageal and gastric mucosa.
When the salivary flow is inhibited, the possibility for the development of GERD (Gastroesophageal reflux disease) is increased in the elderly, so it is very important to normalize salivary flow in humans to avoid a decrease in quality of life. In this study, the authors compared the time-course of salivation after stimulation with MSG (umami taste) and after the intake of citric acid (sour taste) at the same intensity.
The investigators chose the sour taste as the control because of the use of sour substances in hospitals to ameliorate salivary secretion. The results of the study showed that salivation was induced for only a short period by the citric acid, approximately two minutes. However, there was a long-lasting effect on the salivary secretion evoked by the umami taste sensation, lasting for more than 10 minutes. This supported the deduction that the total amount of saliva elicited by MSG stimulation is notably larger than the stimulation through citric acid. The authors concluded that salvia plays an essential function in oral hygiene and that MSG increases it after each meal. This is especially important for the elderly, who have special difficulties with oral and gut function and who often take various drugs, resulting in the reduction of QOL and the occurrence of diseases, like anorexia, aphasia, diarrhea, constipation, and memory dysfunction. Astonishingly, the umami taste substance can improve these conditions and the intake of food in elderly and/or bedridden people can be promoted with appropriate nutritional management [22, 23, 55, 56] .
In another interesting study, a team of Japanese scientists determined that minor salivary flow could induce hypogeusia, also known as reduced taste sensitivity, in the elderly. In this study, the relationship between getting older and taste sensitivity was investigated because hypogeusia is one of the most common problems among the elderly and is associated with other outcomes of aging, such as the loss of weight. Therefore, 71 subjects from four different homes for senior citizens (19 males and 52 females) between the ages of 65 to 94 years (mean age was 80 years) were compared after the intake of daily meals organized by a nutritionist. The results showed that 26 of the 71 tested subjects had a taste disorder.
The salivary flow was tested in these patients by the gum test, which is a very common method to measure oral dryness in clinical studies. Saliva was produced for 10 minutes after chewing gum and measured; the outcome showed that salivation was reduced in people with a taste disorder (normal threshold >10mL/10 min) [57] . Other factors, such as transforming or epidermal growth factor, are related to a normal salivary flow, supporting differentiation and wound healing [58, 59] . Also, small proteins, cytokines, hormones, mucins, and immunoglobulin A (IgA) play a crucial role in immunity, which is often compromised in elderly people [60] . Moreover, among the elderly it is very common to take various medications to combat the symptoms of dry mouth, such as parasympathomimetic drugs, which induce serious side effects such as diarrhea, dizziness, palpitations, sweating, and nausea. Due to this problem, glutamate was given to the patients and it increased salivary flow, improving hypogeusia and decreasing the adverse effects of drugs [57] .
In Japan there exist two different types of clinical examinations for taste sensitivity: 1) The electro-gustometric test, in which the quantitative taste sensitivity can be measured; it is not used for qualitative assessment. During this test, an electric stimulation is applied to special areas of the oral mucosa where taste receptors are located. This method is used for patients classifying dysfunctions in the taste sensory pathway because of injury or infection [57] . And 2) the filter disk test, in which a filter is placed on special areas of the tongue and oral cavity. The filter-paper disk is soaked with a taste-inducing chemical solution. Commonly the solution used is the lowest concentration of the taste that a patient can identify and can be increased during the test. With this method, quantitative and qualitative taste sensitivity can be measured [57] . Due to the importance of umami taste in taste sensitivity and hypogeusia, the authors conducted the recognition threshold for umami taste in 80 healthy volunteers between the ages of 18 to 88 years. Six aqueous test solutions of different concentrations between the ranges of 1 to 200 mM were applied to the subjects. The test solutions contained either monosodium glutamate (MSG) or inosine-5´-monophosphate (IMP). In this study, the filter disk method was used, resulting in a mean recognition threshold in the healthy subjects of <50 mM for MSG and <10 mM for IMP. Furthermore, 16% of the 44 subjects with a taste disorder showed a high threshold to the taste of umami, but normal taste thresholds to the other four basic tastes. A difference in the recognition threshold of MSG and IMP was confirmed when the filter disc was applied to the tongue tip compared with other areas [57] . It can be concluded that umami is the most potent substance for the relief and remedy of hypogeusia, followed by substances influencing and activating the sour taste [57, 61] .
4.6.
MSG AND OBESITY Many studies have investigated if there is a relationship between taste perception and obesity because it is known that perception of some tastes is disturbed in obese adolescents and children. It is an accepted fact that taste perception is related to eating behaviors and influences body mass and body mass index (BMI; in kg/m²). In contrast, there is only minimal knowledge of associations between the perception of savory tastes, like salt and MSG (umami), and body mass index [62] . It is known that obese children eat significantly more savory snacks than sweet ones and more savory snacks than normal-weight children [63] . This fact supports the hypothesis that eating behavior and body weight are influenced by savory taste perception. Furthermore, it was reported that the intake of dietary energy in food by obese adolescents was increased. Obese adults classified the savory taste as salty and so it was approved that the altered salt sensitivity or liking can be another reason for different eating behaviors among obese people compared with normal-weight people. An interesting result was that overweight women like the salty taste more than normal-weight women or obese woman, but there was a contrary result for overweight men that existed in one study. Therefore, two different solutions, one of sodium chloride and one of MSG, were used to measure intensity, recognition threshold, and liking. For these outcomes, 69 men and women were tested and their BMI had to be in the range of 18.6 -36.3. In conclusion, very little is known about the relationship between salt and MSG and the savory taste and eating behavior and for this reason further studies are required. It can be demonstrated that taste perception is only one factor in obesity and that many different factors influence eating behaviors in adults [62] . As outlined in this chapter, the area of application of umami is very widespread and supports the deduction that umami and umami substances play an important role in many physiological mechanisms in the human body and influence several different diseases.
Recent results on Umami and Umami Compounds
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THE CONVERGENCE OF TASTE AND OLFACTORY PATHWAYS OF UMAMI
As mentioned in the literature, the definition of flavor is established as the combination of taste and smell. For this reason, it is important to bring together the signals of taste and olfactory pathways resulting in the combination of taste and smell in an effective way [64] . The effects of the convergence of taste and olfactory pathways in the human brain for umami were shown in a trial by McCabe et al. in 2007 [35] . Twelve volunteers, six females and six males, were chosen for the experiment. Some specific components were administered to the 12 volunteers to find out how umami can enhance the palatability of foods. Seven different solutions of stimuli were delivered: 1) MSG alone, 2) MSG and a consonant vegetable odor, 3) NaCl alone, 4) NaCl and a consonant vegetable odor, 5) MSG and a dissonant odor of rum, 6) a tasteless solution containing the main ionic components of saliva (tasteless control) and 7) a tasteless solution containing the vegetable odor.
The design of the experiment showed that the activation of several brain regions was greater in combination than the sum of the gustatory and olfactory components. Also, the subjects evaluated the pleasantness, fullness and consonance of flavor. The rating for pleasantness started from +2 for very pleasant to -2 for very unpleasant. A further rating for the fullness and richness of flavor was defined from 0 to +4. For the consonance of taste and olfactory components there was a special rating: +2 for consonant, 0 if there is no special consonance or dissonance and -2 for dissonance. Every different sample in this experiment was delivered in a 0.75 mL aliquot to the subject's mouth and chosen by random order. Every sample was to be swallowed after seven seconds in the mouth and after two more seconds the subject was asked for the rating for pleasantness, fullness, and consonance when every single ration period was 5 seconds long. After every sample there was the same procedure with the tasteless control solution until the start of the next trial. One of the most fascinating outcomes of this study was that the taste of MSG alone was not very pleasant and the vegetable odor alone was unpleasant too. But in combination, MSG and the vegetable odor tasted pleasant. These findings led the authors to propose that umami can be best characterized as a rich and delicious flavor that is elicited by the combination of the taste of glutamate and a consonant savory odor. The authors concluded that glutamate is a flavor enhancer because of the way it can combine supralinearly with consonant odors in the brain where the taste and olfactory pathways converge far beyond the receptors [35] .
Since it is known that monosodium L-glutamate (MSG) is the elicitor of the unique umami taste it is widely used as a flavor enhancer in a variety of different cuisines. In an interesting study, Kondoh et al. [65] revealed that the brain is activated by umami substances via gustatory and visceral signaling pathways and described the important role in physiological significance of dietary glutamate in homeostasis. Free glutamate is one of the most important substrates of metabolism in most tissues and organs, such as the kidneys, liver, skeletal muscles, and brain. Also, glutamate is essential for energy metabolism and synthesis of other amino acids, glutathione, and proteins. In the brain, glutamate operates as a major neurotransmitter and influences the activity of synaptic plasticity, learning, memory, motor activity, and neural development. As mentioned before, there are the gustatory roles of glutamate, but there is also the role of glutamate in the activation of the brain through visceral pathways. Many physiological functions, such as secretion of digestive juices and insulin, are influenced by glutamate intake. Specially, the spontaneous intake of an MSG solution at the most common concentration of 1% reduced and suppressed obesity, fat deposition, and plasma leptin levels through enhancement of energy expenditure. During hunger, there is a strong satisfaction or satiation after the intake of delicious food. This sensation is caused by taste sensation, but also by ingestion of food substances and absorption of nutrients. The sensory input of foods is an important factor for satisfaction, such as smell (olfactory), sound (auditory), shape (visual), color, and temperature. Moreover, sensory information is delivered to the brain after ingestion or digestion processes and then combined with specific factors like past food memory, hunger or satiety, or health condition. Also, bad experiences such as abdominal pain or diarrhea after food intake are memorized. These good or bad experiences are important determinants for the preference or aversion for food. The authors concluded that the visceral and gustatory pathways elicited by umami substances play an important role in several physiological functions via activation of the brain [65] . These interesting findings reconfirm the interplay between smell and taste. Altogether, these specific functions act as protective functions in the human body to prevent bad experiences after food intake as mentioned above.
UMAMI COMPOUNDS
In the last few years a lot of research has been conducted on natural and synthetic umami compounds. Beyond L-glutamic acid and its corresponding monosodium salt, some other aqueous solutions, such as L-aspartic acid and C4-dicarboxylic acids (including succinic acid and tartaric acid), were investigated to elicit some MSG-like taste qualities. Furthermore, L-lactic acid was reported to contribute to the savory taste of umami. Also, umami-tasting molecules have been determined in numerous natural sources. These molecules have been analyzed in vegetable protein hydrolysates, including pyroglutamyl (P) peptides like PGlu-Pro-Ser, PGlu-Pro, PGlu-Pro-Glu, and PGlu-Pro-Gln. All of these peptides are important for the umami-like-tasting molecules in liquid seasonings [2, 66] . Besides, enzymatic hydrolysis of fish proteins has shown that these proteins control the savory taste in products containing acidic peptides like Asp-Glu-Ser, Glu-Asp-Glu, Thr-Glu, or Ser-Glu-Glu. All these acidic di-and tripeptides were shown to evoke only a weak umami taste sensation by themselves, but when used in the presence of IMP (inosine mono-phosphate) they acted as umami taste enhancers [66] . In Japanese green tea, also known as "mat-cha" further crucial compounds activating the umami taste were found: theogallin [(1R, 2R, 3R, 5S)-5-carboxy-2,3,5-trihydroxycyclohexyl-3,4,5-trihydroxybenzoate)] and Ltheanine (N-ethylglutamine), two molecules inducing and enhancing umami taste sensation [67] .
In 2011, a study by Morelli et al. [68] was conducted; the investigators were working on the MSG taste-enhancing activity of N2-alkyl and N2-alkanoyl-5´-guanylic acids having a sulfoxide group inside the N2-substituent. The team analyzed these substances due to the possibility of 5´-ribonucleotides interacting synergistically, boosting and holding up taste sensations far greater than any single substance can [68] . Recently, the authors published that some N2-alkyl and N2-alkanoyl derivatives of 5´-guanylic acid can be shown to increase the intensity of the taste of MSG in aqueous solutions. The authors suggested that in IMP and GMP the series of the N2-substituted guanosine-5´-phosphates synergistic effect was linked to the length of the chain of the substituent. Additionally, the taste enhancing capacity was shown to be notably more activated when a -CH 2 -group of the aliphatic chain was replaced by a sulfur atom [69] . Five subjects were chosen after being screened and trained. For this testing the "sip and spit" method was selected. Consequently, the subjects had to rinse their mouths with water before the tasting of every sample. For the tasting, two different solutions were prepared, one containing MSG and the test compound, called the fixed sample, and a second solution containing only MSG in different concentrations, called the reference sample. The fixed samples showed various contents of MSG and N2-substituted 5´-guanylic acids, sulfides or sulfoxides. Each panelist was asked to evaluate which one of the two compared solutions exhibited a stronger umami taste sensation and had to do five replications, obtaining 25 results for each reference sample. At the end of the study the authors stated that the involvement of the substituent linked to the exocyclic NH of the guanosine 5´phosphate derivatives plays an important role in the binding to the taste receptor. The outcomes of this study showed that the synergistic activity of each sulfoxide approaching MSG resulted in a lower activity than that of the compared sulfide. These results confirmed that the effects of sulfur and sulfoxide groups in the side chain of N2-substituted guanosine 5´-phosphate derivatives are important to gain a greater knowledge of the binding mode of these and other molecules to the glutamate taste receptor. Further molecular modeling studies will be needed [69] .
In another interesting study, the properties of food have been distributed into "liking" and "wanting" of umami compound in rats. The aim of this study was to focus on the physiological components and the underlying neural mechanisms. Wanting is characterized as a type of incentive motivation and contributes to the approach toward and consumption of rewards. Furthermore, it is mentioned that the neural mechanism of wanting is related to dopamine and dopamine interactions with corticolimbic glutamate. For this reason, a taste reactivity test was utilized because of the fact that other groups have shown that liking is related to the opioid neuronal network [70] [71] [72] . By the way, taste reactivity tests are well established methods to explore the mechanism of the sweet taste [73] . Thus, the authors compared a solution of monosodium Lglutamate in the concentrations of 0, 10, 30, 60 and 120 mM and a sucrose solution in the concentrations of 0, 10, 30, 120 and 480 mM. Therefore, the solutions were dissolved in de-ionized water. Testing the liking, a taste reactivity measurement, was used as mentioned before. For the evaluation of wanting, fixed/progressiveratio operant licking tasks were prepared. Also the systemic blockade of opioid receptors has been analyzed in both testing systems. Before the beginning of the tests, the rats were familiarized to MSG or sucrose solutions to get to know the special taste. This process is very important because the palatability of food is connected and regulated by post-ingestive effects of different nutrients [70, 74] . For the systemic blockade the rodents were intraperitoneally injected with naloxone hydrochloride, an opioid antagonist drug, which was dissolved in saline. All these injections were applied in a volume of 1.0 mL/kg thirty minutes before each test started. In the taste reactivity study, the reactions to 30, 60 and 120 mM MSG were much higher than those to water (0 mM), but also lower than to 480 mM sucrose [70] . There have also been several other reports suggesting that rodents prefer a solution of MSG to water [75, 76] . In the operant task study, the outcomes showed that the number of licks to MSG reached peaks at the concentration of 60 Mm, but they were lower than those to the solution of sucrose (30-480 mM) . In this study the authors suggested, for the first time, that rodents showed a higher reaction to the application of MSG at concentrations of 30-120 mM than water [70, 77] . The systemic opioid antagonist study showed that the response of MSG and sucrose is decreased by the blockade of opioid receptor. Furthermore, the wanting for MSG but not for sucrose is influenced by this mechanism. Additionally, the investigation and understanding of the neural system modulating umami taste is very important for the liking and wanting properties and can also play an important role in the clinical application for people with dietary challenges [70] .
To increase the amount of flavor molecules activating the umami taste, a lot of studies determined savory flavor constituents like phthalides and also amino acids and nucleotide-type compounds. They discovered molecules for umami taste like 2E,6Z-nonadienoic acid N-benzyl-N-(2-pyridylethyl) oxalic acid amides and N-cyclopropylamide, but no modulators from natural origin were known until lately. Important for the umami-taste-modulating characteristics of synthetic compounds is a central amide group or diamide with two medium-sized, nonpolar substituents. The N-cinnamoyl derivatives of aromatic amines show a congeneric structure and are suggested to have an umami-tastemodulating effect. Only the homologue N-3,4-dimethoxycinnamoyl-4-methoxyphenethylamine was found in natural sources and the 3,4-dimethoxycinnamic acid part was needed for an intensive umami activity. Some umami-taste-modulating metabolites discovered in plants were theogallin, a polyphenol in green tea, and morelid in mushrooms. The problem is that these substances occur in very low concentrations in the plants, like rubescenamine for example, which was discovered in concentrations of 10 ppm in Zanthoxylum piperitum (Rutaceae) and rubemamine in concentrations of 6 mg/kg in Chenopodium album (Amaranthaceae). Furthermore, only rubemamine and rubescenamine stimulated the heterologous hTAS1R1-rTas1r3 receptor of all the tested Ncinnamoyl amines via calcium imaging. Results showed that rubemamine elicits a umami taste stronger than that of MSG. In comparison, rubescenmine is not so efficient but is capable of stimulating the receptor in lower concentrations, with approximately a 200 times higher potency than MSG. Both compounds were able to modulate the receptor response to MSG in a positive way. Furthermore, rubemamine also had an impact on the IMPenhancing receptor responses to MSG [78] . As new umami compounds, two active peptides, namely Ser-Ser-Arg-Asn-Glu-Gln-Ser-Arg (963.9 Da) and Glu-Gly-Ser-Glu-Ala-Pro-Asp-Gly-Ser-Ser-Arg (1091.1 Da) were discovered via MALDI-TOF/TOF MS in peanut hydrolysate, which comes from a protease extract from Aspergillus oryzae. These low molecular weight compounds produce an intensive umami and umami-enhancing effect. The two active peptides were obtained by purifying two fractions of the peanut hydrolysate by reverse-phase high-performance liquid chromatography (RP-HPLC) and gel filtration chromatography [79] .
LAST RESULTS, KOKUMI AND AFTERTASTE
Macronutrients, such as starch vegetable proteins and fat, have a high molecular weight and are not able to bind to taste receptors. These macronutrients do not induce any taste. The low molecular substances, like carbohydrates, sugars, fatty acids, fats, proteins and amino acids that co-exist with these macronutrients provoke a taste signal by binding to taste receptors on the tongue [80] .
The receptors that interact with these low molecular substances also exist on the mucosal epithelium in the digestive tract conciliating chemical perception for dietary nutrients in the gut. α-Gustducin (GTP binding protein) is particular for taste cells and the expression of α-gustducin takes place on the brush cell in the pyloric antrum and duodenum. In addition, T1R receptors and calcium-sensing receptors, which sense amino acids, and GPR120 which senses fatty acids, are extensively spread in the gastrointestinal epithelium. GLP-1 (glucagon like peptide-1) controls body glucose utilization and stimulates insulin synthesis. It was shown that this gut hormone is released by the sweet taste receptor T1R2/T1R3 complexes, which occur in the endocrine cells of the intestinal epithelium [80] .
Some studies showed that serotonin may be involved in the gastric glutamine (Glu) sensing. After the application of 150 mM glutamate into the stomach, the concentration of serotonin and its metabolite 5-hydroxy acetic acid (5-HIAA) were determined to see if there is a correlation between glutamate sensing and serotonin. The mucosal serotonin was enhanced, whereas the blood serotonin stayed the same. The constant blood serotonin concentration is maybe the result of mobilization and metabolism of mucosal serotonin, which prohibits the passage of the bioactive substance into the bloodstream. Also the numerous monoamine oxidases in the gastric mucosa or the blood platelet uptake can decrease the mucosal serotonin. Thus, gut mucosal serotonin might play an important role for gut nutrient sensing, besides initiating diarrhea and vomiting in critical reactions, because more than 90 percent of the body serotonin is located in the gastrointestinal mucosa [81, 82] .
After electrophysiological experiments it was shown that gastric and celiac vagal afferents are responsible for sensing 20 dietary amino acids. Luminal glycine, for example, inhibits the celiac branch of the vagus nerve activity in the small intestine and luminal Glu, aspartate and tryptophan increase the activity. The gastric proteolytic enzyme cannot convert protein to every amino acid and has a mechanism that can only recognize Glu, whereas all amino acids can be recognized by the celiac afferents. There is also the potential that the stomach is a taste organ due to the appearance of specific chemoreception for Glu, which manages gastric exocrine functions and enhances the gastric protein digestion. So the stomach does not only represent a storehouse for food but also a functional organ sensing free Glu [80] .
Health issues, like functional dyspepsia, irritable bowel syndrome and obesity are often related to eating habits. Because of that, the nutritional information from the gastrointestinal tract which affects the regulation of food digestion and nutrient absorption gains more importance as it also has an effect on eating behavior [81] . Other studies also showed that free glutamate in a high protein diet has a positive effect on delayed gastric emptying and abdominal unpleasantness after eating. No effect was observed in young adults (20-39 years), whereas adults over 40 years old showed a response to the protein diet containing free glutamate (0.5%) and showed an improvement in view of fullness and heavy stomach. The acceleration of the gastric emptying rate and improvement of abdominal unpleasantness is related to the increased gastric secretion, induced by free glutamate in a high protein diet as mentioned before. A different study revealed that patients with chronic atrophic gastritis who consumed hospital meals containing free glutamate showed an enhancement in Maximal Acid Output, Basal Acid Output (BAO) and appetite [80] .
Some experiments showed that the preference for umami taste specifically increases glutamate when the body needs to metabolize ingested dietary protein. In this research a diet containing purified egg protein was given to rats and the preference for three solutions, namely glycine, NaCl and glutamate were exhibited. A protein content from 0-5 % shows a preference for sweet taste (glycine solution) and salty taste (NaCl solution) rather than umami taste (monosodium glutamate solution) in rats, whereas with a protein content of about 20 % the preference changes and the rats prefer an umami solution rather than a glycine or NaCl solution. This shows that due to the enhancement of gastric protein digestion triggered by glutamate, as mentioned before, the preference for umami taste increases when the diet contains a higher amount of protein. In addition, the nutrient intake and the body amino acid homeostasis are managed by the amino acid sensing abilities of the gut, which can alter feeding behavior [81] .
Besides the autonomic reflexes the process in the forebrain, which registers the effects of ingested nutrients, is important to identify whether food is good or not good, and afterward determines further steps of feeding behavior. Brain regions like the lateral hypothalamus, medial pre-optic area, dorso-medial hypothalamus and the amygdala were extensively stimulated by intra-gastric application of MSG, whereas brain regions like the nucleus accumbens, amygdala, insular cortex and ventro-medial hypothalamus are stimulated by glucose. Altogether it was shown that Glu has an effect on several physiological functions indicating an important role for dietary Glu in body homeostasis [82] .
The motility in the distal colon was tested with activation of amino acid-sensing receptors, suggesting that T1R1/T1R3 (umami taste receptor) may cause changes in motility. The L-amino-acid sensing T1R1/T1R3 receptors were determined in the mucosal cells of rat, human, Guinea pig and mouse colon with immuno-histochemical analysis of colonic cryo-sections and these showed the attendance of T1R1 in certain cells of the mucosal layer. MSG increased the release of calcitonin gene-related peptide (CGRP) above the basal levels, and, furthermore, the release of CGRP was much higher when additional IMP was applied. Inosine-5′-monophosphate (IMP) enhances T1R1/T1R3 activation and therefore IMP is used to identify if T1R1/T1R3 receptors are also responsible for changes in GI motility and if the MSG effect is T1R1/T1R3-specific. The sensory neurons mediate the peristaltic reflex and are stimulated by CGRP. MSG increases the velocity of fecal pellet propulsion which was again enhanced by IMP, but no effect was observed when IMP alone was applied. Control studies, where only NaCl was applied, indicated that there was no increase on pellet velocity due to additional sodium and higher osmolarity and that the effect of MSG was related to glutamate [83] .
In fact another study tried to determine if the addition of MSG to soup has an effect on energy intake and food selection in obese women without eating disorders. The additional MSG in the vegetable soup increased the perception of creaminess and satisfaction. In comparison, the MSG soup preload before lunch or a mid-afternoon snack decreased the energy intake and led to a reduction of the total energy intake in obese women without eating disorders than the soup without MSG added. In addition to that, the consumption of high-fat savory foods was lower at snack time, lunch and in total when a vegetable soup with MSG was consumed. Although the second MSG soup did not decrease the energy intake substantially at snack time, the test persons did not compensate the lower energy intake after lunch as there was a synergistic effect of MSG on the feeling of satiety. However, it was also shown that during the intervention period the soup with MSG enhanced hunger ratings, although this did not induce a higher energy intake. It is possible that the MSG stimulation in the oral cavity is participating in the energy intake after ingestion of food with MSG, but for this more studies are required to determine the mechanism. One matter in question of this study was that the soup was served twice a day 10 min before lunch and snack time, which is not a normal setting. So, more studies are required with a protocol more related to normal daily eating behaviors such as eating soup just at lunch. The second issue was that this was tested in a short period of time and actually more studies with a long term determination are needed to see if MSG has a long term effect on energy intake and obesity [84] .
Some studies suggest that nutrition may also contribute to the higher percentage of asthma in Western countries like USA, Canada and Australia and that a correlation between asthma and dietary pattern exists (see already in chapter 4.2.). The connection between asthma attacks and ingestion of a Chinese meal was first reported in Greisinger et al. 1981 , suggesting that MSG, which is commonly used in Asian cooking in high amounts, is responsible for asthma. Since then inconsistent results were observed and a lot of studies were carried out with poor research methods. In the latest review it was reported that there is no need for adults with chronic asthma to avoid MSG, because of the lack of evidence. Furthermore, a study determined, with ovalbumin (antigen)-sensitized mice, the effect of MSG and concluded that there is no correlation between constant ingestion of MSG and developing asthma. So in conclusion, recent studies and investigations suggest that the intake of MSG in high amounts do not lead to asthma, but in fact more studies with larger samples and younger subjects are needed to confirm this hypothesis [85] .
The taste-taste interaction between umami and bitter can also have an effect on eating behavior. A team of scientists studied the umami-bitter taste interaction in bitter taste receptors (TAS2Rs) [86] . They used hTAS2R16-expressing cells in order to determine the influence of umami on Ca 2+ -flux signaling assay in combination with the bitter substance (salicin). The hTAS2R16-cells were used due to high expression and extensive activation by different ligands compared with other hTAS2Rs. Umami peptides, like Glu-Asp, Glu-Glu, Glu-Ser, Asp-Glu-Ser, and Glu-Gly-Ser decreased the intracellular calcium influx induced by salicin, whereas Gly-Gly, which is a tasteless peptide, did not decrease it. MSG in addition to salts of either 5′-ribonucleotides or adenosine mono-phosphate also inhibited bitter tastes and decreased the response of mice to quinine hydrochloride (a very bitter substance). Surprisingly, Glu-Glu showed a higher suppression of hTAS2R16 than Probenecid, which is an antagonist specific for hTAS2R16. The umami peptides bind directly in the binding region of the orthosteric ligand site and inhibit the effect of hTAS2R agonists like salicin. This suggests that umami peptides can have a high impact on bitter taste suppression via bitter taste receptors. The importance of this suppression is related to the negative effect of bitter on food intake and the general goal of enhancing the intake of healthy food without the loss of taste pleasantness. For the declaration of inhibitory efficacy of bitterness and the correlation between the mixture of amino acids in glutamyl peptides, as well as to gain information about cognitive interaction and cell-to-cell interaction further studies will be needed [86] .
The taste signal, which has its origin in the taste receptor cells, is transferred to the brain via cranial nerves, the facial nerve, glossopharyngeal nerve, and the vagal nerve. In different studies the primary gustatory cortex in the anterior insula and the orbito-frontal cortex, which is the secondary taste area, were analyzed constantly. For people who are not familiar with the umami taste, such as Germans and Norwegians, the recognition is very variable. The main goal of the study (Cerebral processing of umami: A pilot study on the effects of familiarity) [87] was to test the effects of familiarity to the umami taste, and what impact this exerts on brain activation. The authors used a functional magnetic resonance imaging (fMRI) to analyze the brain activity before and after familiarizing with the umami taste. After the training sessions the results from pleasantness, intensity and familiarity revealed that the participants got acquainted with the umami taste so that the familiarity increased (p<0.001, paired T-test=23.2, df = 9). The impression of intensity and hedonic remained the same.
The substance used in this study was MSG, which elicits the umami taste. Participants were chosen who were not familiar with the MSG taste, so they could test if there were any differences in cortical representation of gustatory function before and after familiarization with the new taste. The team tested the capability of the participants to detect the umami taste in three tests. In the first, they wanted to be sure if the participants can taste glutamate by characterizing the samples and additionally to give a comment on familiarity, hedonic and intensity. In the second test, liquid solutions of salt (NaCl 50mM), sugar (sucrose 50 mM) and MSG (50 mM) were given to the participants. The ulterior motive was to identify whether the participants could distinguish between the three samples, which all of them could. In the last and third test four different concentrations of umami solutions were arranged randomly namely 10 mM, 25 mM, 50 mM and 75 mM. According to the concentration, all participants managed to place the samples in the right order from 10 mM to 75 mM, after training. This study shows that there is an involvement of the anterior cingulate cortex and the rolandic operculum in taste sensing and there are no changes in the response at the level of taste primary areas when umami taste was submitted over a short period of time [87] .
Some studies presented the negative effects that MSG can exert in animals and humans in high doses. High concentrations of MSG in stages of brain development led to damage of the hypothalamus causing neuroendocrine trouble [88] . The neurotoxic effect is related to the neonatal period, because the blood-brain barrier is not fully developed and thus MSG can easily penetrate the blood-brain barrier [89] . This influence on the hypothalamus can then lead to behavioral disorders in adulthood, like hyper-excitability, depressive and anxiogenic behaviors, obesity, impairment of memory, pain-sensitivity and changes in analgesic responses [88] . It was shown that the anxiogenic-and depressive-like behaviors are induced by dysfunction in the serotonergic system after exposure of newborn rats to subcutaneous injection of MSG. In addition, it was shown that rats who became MSG had a higher concentration of serum corticosterone and ACTH suggesting a deregulation of the HPA axis which is related to behavioral changes and is also observed in depressive patients. All these results together suggest that a subcutaneous injection of MSG leads to anxiogenic-like and depressive-like behaviors [89] .
The glutamate receptors regulate pain hypersensitivity and excitatory synaptic transmission by binding glutamate. In some studies the results showed that due to accumulation of glutamate in the hippocampus, the glutamate uptake in rats was decreased causing excitotoxicity and suggesting that the enhancement of glutamate in the hippocampus is induced by nociception caused by MSG. Also the expression of NMDAR subunits changes when the glutamate concentration increases. Furthermore, the gene expression of NMDAR subunits in the hippocampus is enhanced with MSG neonatal. The release of pro-inflammatory cytokines like IL-1β, INF-γ, IL-6 and TNF-α is enhanced by MSG, whereas the anti-inflammatory IL-10 is decreased. These cytokines are only recognizable under pathological events (excitotoxicity and neuroinflammation) in the central nervous system. Pro-inflammatory cytokines are also able to increase extra-cellular glutamate levels, because it was shown that IL-1β inhibits the glutamate uptake and enhances neuronal excitability. In addition, the release of mediators like bradykinin, substance P, histamine and nitric oxide is triggered by IL-1β, TNF-α, IL-6 and INF-γ leading to the appearance of pain. Thus it is suggested that MSG leads to nociception, but the pathophysiological mechanism was not determined precisely [88] .
Headache and craniofacial pains like temporal mandibular disorders (related to dysfunction of the muscles of mastication causing pain) are often connected with the intake of MSG. Therefore, a study was conducted designed as a double-blind, randomized and placebocontrolled, to determine if ingestion of MSG has an effect on muscle pain sensitivity. One possible cause that the application of Glu intramuscular can simulate symptoms of myofascial temporal Recent results on Umami and Umami Compounds Natural Product Communications Vol. 11 (10) 2016 1613 mandibular disorders is that patients with myofascial TMD showed increased Glu concentrations. Furthermore, the oral application of 150 mg/kg MSG in healthy patients induced peri-cranial muscle tenderness and enhanced headache. In addition, 150 mg/kg MSG enhanced the Glu concentration in the masseter muscle by about 750% over the baseline concentration. The intake of high amounts of MSG is one possible way of enhancing Glu concentration. This study tried to determine if oral applied MSG could lead to enhanced pain and mechanical sensitivity compared with placebo [90] . Some previous studies showed that the systolic blood pressure increased due to oral ingestion of 150 mg/kg MSG by 5-10%, whereas the heart rate decreased and the effect on the diastolic blood pressure was more differential [91] . The intramuscular injection of Glu into the temporalis muscle and the masseter showed a substantial enhancement of the systolic and diastolic blood pressure. Some results of recent studies suggest that the muscle pain sensitivity is not increased by the intake of a high amount of oral MSG, whereas others suggest a connection between nociception and MSG. Furthermore, there is a correlation between systemic MSG administration and increased blood pressure [90] .
A complex of symptoms namely weakness, palpitation and numbness at the back of the head after consumption of a Chinese meal was firstly called Chinese Restaurant Syndrome (see already chapter 4). It was shown that some lactic acid bacteria which are present in cheese, yoghurt and in the gut microbiotica metabolize MSG to gamma-amino-butyric acid (GABA) and are used to generate food with high GABA concentrations, because of its diverse physiological effects. One kimchi-derived (kimchi: traditional fermented Korean side dish) lactic acid bacterium namely Lactobacillus brevis G-101 was isolated and it was shown that this specific Lactobacillus decreased the blood concentration of MSG in mice that were orally fed. In addition, the results showed that L. brevis G101 was not significantly converting MSG to GABA, but rather suppressing the absorption of MSG from the intestine into the blood. A double-blind, placebo-controlled study, consisting of 30 Koreans who reported themselves as MSGsensitive, tried to determine whether the oral application of L. brevis G101 could diminish the MSG symptom complex using maltodextrin as placebo. After ingestion of RBSM (= rice with black soybean sauce containing 6 g MSG) the test persons conveyed their condition and the team examined the intensity of the MSG symptom complex. The subjects were split into two groups. One group took a capsule containing L. brevis G101 and the other group one capsule of maltodextrin orally for five days. After these five days RBSM was applied and the subjects characterized the intensity of the MSG symptom complex over 6 h. After this test the subjects switched the groups and the same test was executed for five days. In the placebo group, 43.3% characterized a strong MSG symptom complex, whereas 20.0% described a strong MSG symptom complex in the L. brevis G101 group. There was a greater difference among female subjects than among male, suggesting that females are more sensitive to the MSG symptom complex. The oral threshold for MSG-induced symptoms in 36 test persons was determined to be between 1.5 to 12 g; furthermore, the intensity of the symptoms was enhanced when the oral dose was increased. The negative effects induced by application of RBSM were drowsiness, thirstiness, indigestion, weakness, headache and nausea. The daily intake amount of MSG and oral intake of more than 6 g of MSG is crucial for inducing side effects. One potential way to reduce the side effects was the intake of vitamin C. The scientists looked for other options to reduce the side effects of MSG and determined the effect of L. brevis G101, which decreased the MSG complex substantially and shortened the disappearance time of the MSG symptom complex [92] .
With reference to the umami taste receptor, the release of ATP from the taste bud cells is required in order to taste salt, sweet and umami. ATP plays the role of a neurotransmitter and is necessary for the activation of afferent neural gustatory pathways. The role of the calcium homeostasis modulator 1 (CALHM1) in this ATPreleasing process was shown recently [93] . It is a voltage-gated ion channel and is essential for the ATP release from taste bud cells. The expression of CALHM1 occurs in the type II taste bud cells which are generated for sweet, bitter and umami-sensing. The knockout of CALHM1 in mice hindered the recognition of these tastes, whereas the recognition of the tastes sour and salty stayed the same. The tastes sour and salty are sensed with the type III taste bud cells. The difference between the type II bud cells and type III bud cells is that type III bud cells have synaptic contacts and express synaptic vesicles, whereas type II cells lack classical synaptic structures. So type III cells are able to transfer signals directly to the nervous system. Type II cells need to release the neurotransmitter ATP to transmit the information to gustatory neurons [93] .
It was shown that the expression of CALHM1 occurs specifically in type II taste bud cells. In response to a reduced extra-cellular Ca 2+concentration, the CALHM1-ion-channel can be activated and also a membrane polarization can induce this activation too. CALHM1 links the taste receptor activation and the generation of Na+-action potentials and is an important element in the signal-transduction cascade in type II cells [93] .
It was shown that in T1R3 knockout mice the capability to recognize umami stimuli was only partially lost and furthermore in wild-type mice the diverse umami stimuli were registered in separate afferent neurons or populations of taste bud cells. These different taste cells, which can sense umami compounds, suggest that there are more than just one single molecular receptor. In addition, a study determined that umami sensing is working despite the absence of the T1R1+T1R3 heterodimer. These findings suggest that there are also other umami receptors besides the T1R1+T1R3 receptor [94] . The assumption that there are multiple receptors for umami is pre-existing because of several lines of data showing, for example, that the differentiation between the taste of umami and sucrose was only suppressed, but not fully eliminated in knockout mice. There was also a Ca 2+ -response to MSG from taste cells in sliced circumvallate papillae of T1R3 knockout mice. Also a very important fact showing that other umami receptors may exist, is the expression, not only of taste-type, but also of brain-type mGluR1 and m-GluR4 in taste buds. The indication that glutamate can trigger a taste at lower concentrations than mentioned formerly is pre-existing, because of the results this study is providing. The concentration range was between 0.0001and 30 mM. These data also strengthen the hypothesis of brain-mGluR taking part in umami taste transduction. The stimulation of brain-mGluR receptors occurs at low μM concentrations. In addition to that, the repletion is reached below the low mM mark of activation for the taste-mGluRs and the T1R1+T1R3 receptors. In conclusion, the mice responded to glutamate compounds and L-AP4, whereas the conditioned taste aversion (CTA) responses were suppressed by antagonists for mGluR1 and mGluR4. These findings and also the results of other studies so far propose that the brain-type mGluR1 and mGluR4 are maybe involved in perception of umami taste in mice [95] .
A seven-trans-membrane domain and small extra-cellular cysteinerich domain are linked to the Venus flytrap domain (VFTD). A large extra-cellular VFTD is present in different receptors, including the G-protein coupled receptors T1R1/T1R3, calcium sensing receptors, T1R2 (T1R2/T1R3), which is the sweet receptor component and also the metabotropic glutamate receptor (mGluRs).
Greisinger et al.
X-ray crystallography identified the extra-cellular domains of mGluRs, suggesting the existence of two lobes in the VFTD. Between these two lobes, in the hinge region, the ligand binding site is located. The mouse T1R1/T1R3 responds mostly to L-amino acids, but much weaker to acidic amino acids than to others, while in comparison the human T1R1/T1R3 responds exclusively to 1-Glu [96] . Although, five residues have been identified as crucial for binding 1-Glu at the hinge region of hT1R1, the residues are maintained between human and mouse T1R1. This fact indicates that the additional and critical residues for acidic amino acid recognition should be determined. The mechanism has been evaluated using human-mouse chimerical receptors and point mutants of T1R1/T1R3. This finding has been accounted as the mechanism showing the difference between species in their amino acid recognition. The modulation of amino acid recognition in mouse-and human-type T1R1/T1R3 was studied with point mutants of T1R1/T1R3 and chimerical human-mouse receptors. Due to this analysis 12 key residues were discovered in the extracellular VFTD of T1R1.
The residues crucial for the recognition of acidic amino acids in human-type T1R1/T1R3 are present in the orthosteric ligand binding site, which was unveiled by molecular modeling, whereas the main residues for the mouse-type response were neither at the orthosteric ligand binding site nor the allosteric binding site for the natural umami taste enhancer inosine-5′-monophosphate (IMP), but outside of both regions. For the investigation of the key domains for amino acid recognition a luminescence-based assay was used [96] .
L-Theanine shows a remarkable impact on tea quality and taste. This particular amino acid occurs in green tea. L-Theanine leads to an activation of T1R1 + T1R3-expressing cells, which was showed after analyzing the activity of L-Theanine on the T1R1 + T1R3 umami taste receptor. L-Theanine binds to the L-amino acid binding site in the VFTD of T1R1 [97] .
Due to the similarity of L-theanine and Glu, plus the induced umami synergy with 5′-ribonucleotide it can be predicted that Ltheanine activates T1R1+T1R3. For the identification of the Ltheanine binding site, T1R1 mutants were utilized and also the cellular response to L-theanine in the attendance of IMP was investigated [97] . T1R3 was at first found in gustatory tissue, but is additionally found in other cell types and tissues like the heart, skeletal muscle, intestine and pancreatic β-cells. Not only the taste recognition is controlled by T1R1/T1R3, the receptor also has a function as an amino acid sensor which controls the mechanism for the secretion of hormones, like insulin, cholecystokinin, and duodenal HCO 3 - [98] . How the expression of T1R3 works precisely is still unknown, though T1R3 is important for a variety of physiological functions and is found in several cell types and tissues. Two different evolutionary conserved regions with distinct functions were described by the scientists. One of these regions represents the repressor, the other region the promoter of human T1R3 expression. Also the muscle regulatory factors Myogenin and MyoD manage the T1R3 expression. Additionally the expression level of T1R3 alters and rises with myogenic differentiation of murine myoblasts [98] .
The Ca-sensing receptor (CaSR), which is a class C G-proteincoupled receptor, is an extra-cellular amino acid sensor and is found in a variety of tissues, like the central nervous system, brain, the vasculature and gastrointestinal tract [99] . CaSR was also found in the kidney and parathyroid gland and has a important role in calcium homeostasis. Furthermore, CaSR detects an enhancing blood calcium level, continuously decreasing the parathyroid hormone secretion, inducing urinary calcium excretion and enhancing calcitonin secretion to stabilize the blood calcium and return it to normal levels. Due to a lack of calcium the palatability of calcium increases, suggesting that there is a calcium transduction mechanism in taste cells. Agonists, like neomycin and several Lamino acids, induced a response in isolated taste cells [100] . This receptor responds to various amino acids, but it was also shown that the receptor responds to peptides like γ-glutamyl peptides and glutathione (kokumi substances). Therefore, CaSR serves as a taste receptor for Ca 2+ and protein and in addition is responsible for the release of dietary hormones in the intestine via amino acid sensing.
The assumption that CaSR serves as a taste receptor first occurred when a 'calcimimetic' substance, a positive allosteric modulator of the CaSR, in bullfrogs induced a stimulation of the taste cells resulting in neuronal responses. In rats and mice CaSR were found in the foliate, circumvallate and the fungiform papillae. There exist three different classes of taste cells: Type I (glial-like) cells are responsible for the elimination of neurotransmitters via degradation or absorption, the G-protein-coupled receptors (including T1R and T2R) which sense sweet, bitter and umami compounds are located on type II cells transferring the taste qualities and the G-protein gustducin, and lastly the type III cells are pre-synaptic, forming synaptic contacts with nerve terminals and processing the signals from type II cells. CaSR is expressed in type III cells, but there is also some evidence and possibility that the receptors are expressed in type I cells. A lot of results have been obtained with rodent taste cells, but there is also evidence that CaSR also plays a role in human taste transduction. Glutathione and γ-glutamyl-valineglycine are kokumi taste substances; they just alter salty, sweet and umami tastes without causing any taste. These substances also activate CaSR and with half maximal effective concentration (EC 50 ) values, it was shown that CaSR agonist activity and kokumi taste intensity correlated together. Also, an inhibitor of γ-glutamylvaline-glycine (γGVG) decreases the kokumi effect of CaSR agonists [99] . Some results revealed that water extracts from garlic, which include GSH, lead to a more intense and longer lasting umami taste (the authors called this inducing character "kokumi flavor"). From all γ-glutamyl peptides, which are CaSR agonists, γGVG is the most stimulating kokumi substance and leads to the highest kokumi flavor activity. To measure cellular responses, the kokumi stimuli were applied focally on the apical tips of the taste buds. It was determined that kokumi substances stimulated a response in taste cells in the posterior tongue, suggesting the detection of kokumi substances by CaSR-expressing taste cells. In the kokumi transduction there is a release of stored Ca 2+ and no involvement of Ca 2+ -influx. This was shown with the stimulation of the cells by γGVG, which was not affected by Ca 2+ -free conditions [100] .
The question appeared if γGVG (CaSR ligand) and glutamate stimulate the same mouse type II cells. It was assumed that γGVG induces the same taste as L-glutamate by stimulating the same taste receptors as umami compounds. For this reason scientists applied mono-potassium L-glutamate (MPG) + inosine monophosphate (IMP) and γGVG focally on circumvallate taste buds. This test showed that γEVG (100 µM) and MPG (100 mM) + IMP (1 mM) induced a Ca 2+ -response in different taste cells, suggesting that there are specific receptors for γEVG and MPG + IMP in different cells that produce a Ca 2+ -response. However, there is still the potential that some cells produce a Ca 2+ -response to both agonists and that there is a cell-to-cell signaling. These results show that the CaSR in native taste tissues and the umami taste receptors differentiate from each other, although some studies suggested that CaSR may dimerize with the T1R3 receptor subunit eliciting umami, and sweet taste CaSR is specifically for kokumi transduction and is not directly involved in umami and sweet taste signaling. The taste cells are responsive to kokumi substancesensing. The taste buds responsible for kokumi sensing are non-presynaptic and also pre-synaptic (Type III), but the precise assignment for the kokumi taste cells needs to be clarified. The activation of sensory afferent fibers in the same taste bud can be induced by activation of kokumi taste cells and by ATP which is released from the receptor. It is also possible that ATP effects the cells in the taste bud, because it acts as a paracrine transmitter [100] .
One temporal feature of taste is the aftertaste which is not separately seen as a taste quality but as an important factor for exhibiting food quality or preference and choice of foods. Dashi which is a broth made from kelp or dried bonito is a common food additive used in traditional Japanese food and induces umami taste. In addition to dashi, soy sauce is added when cooking because it contains glutamic acid and dashi contains besides additional 5′ribonucleotides. So both combined they induce an enhanced umami taste and intensity, but on the other hand it was shown that the umami aftertaste was decreased. This indicates that some components in the soy sauce decrease the umami aftertaste. In a study [101] the authors looked for the components and the key factors that have an effect on umami aftertaste with methods like sensory analysis, size fractionation, enzymatic treatment and chemical analysis. As a result, the components that decrease the umami aftertaste were isolated and a strategy was found for producing soy sauces that better enhance the umami taste. These aftertaste decreasing components are cellulose polysaccharides with a molecular weight of 44900 to 49700, whereas molecules with a weight of less than 1000 have a positive effect on the umami taste. With this result it will be possible to produce food containing less or no polysaccharides with a molecular weight of 44900 to 49700 and increase the palatability of food and enhance the umami aftertaste [101] .
8.
CONCLUSION Concerning the results of all the referenced studies in this paper, the research on umami, the umami taste receptor, and umami compounds has made enormous progress in the last few years. It is astonishing how many mechanisms in humans are influenced by umami and how many effects are elicited by umami and by umami compounds. As outlined in this compilation, umami plays an essential role in a lot of different physiological mechanisms in the gut, the oral cavity, and the brain combining taste and smell or supporting ingestion and digestion of foods. As mentioned in the introduction, the development and production of healthier food will be very important to avoid and to deal with food-induced diseases like obesity, diabetes, and high blood pressure, which are very common in the Western world. Therefore, improvement of the production of "functional food" like food products reduced in sugar, fat, or salt will become more and more necessary in the future. Furthermore, it is crucial to make the daily diet healthier and more comfortable for patients and for healthy people without reducing quality or palatability of the food. There should be a focus on side effects and interactions of various drugs, in order to prevent complications. Many prospective studies will be conducted to improve the investigation and development of umami substance and the impact and properties of umami.
